The dark respiration rate of discs from fully expanded tobacco leaves (Nicotiana tabacum) increased linearly with decreasing diameter, the relative increase being independent of leaf age. The wound respiration responsible for this situation reached a plateau within 15 minutes of excision. Metabolite analysis gave evidence for two independent effects, also unrelated to age. The first was a forward crossover between phosphoenolpyruvate and pyruvate which was found as early as 1 minute after excision and persisted for up to 40 minutes. It was attributed to activation of pyruvate kinase by a changed ionic balance resulting from membrane damage, was accompanied by a reverse crossover between triose phosphates and 3-phosphoglycerate, and was localized in the outer region of the discs. The second effect was a rapid rise in hexose monophosphate and ATP levels throughout the discs. After I to 10 minutes the ATP/ADP ratio rose strongly for at least 3 hours; after 20 to 40 minutes there was net synthesis of adenine nucleotide as ATP. These results indicate that extrapolation from leaf discs to intact leaves is highly inadvisable.
Physiologists commonly cut discs or slices from plant organs such as leaves and roots not only to solve the problem of multiple sampling but also to improve accessibility of the cells to added substrates or inhibitors. These pieces of tissue are frequently used to study changes in such features as metabolite levels, enzyme activities, ion uptake, respiration rate, and carbohydrate and nucleic acid metabolism; the data are then taken to represent the behavior of the whole organ. Particularly in the case of storage tissue, there is much evidence that excision elicits a complex series of metabolic alterations (so-called "aging''). These changes (2, 10 . 11) include a prolonged increase in respiration rate ("induced" or "developed'" respiration) which takes about 20 hr to reach its peak and depends on RNA and protein synthesis. It is accompanied by increased tricarboxylic acid cycle and pentose phosphate pathway activity, as well as synthesis of polyphenols, oxidative and hydrolytic enzymes, and phenylalanine ammonia lyase. The underlying cause of these phenomena is seen as derepression of part of the genome as a prelude to wound periderm formation (10) .
The early kinetics of the wounding effect are poorly understood, especially in the case of leaf tissue. However, both in potato tubers injured by cuting (20) and in banana slices (16) a biphasic respiratory increase was observed in which a rapid initial rise peaked at 1 to 2 hr. followed by a brief decline and then a rise to a broad peak at 15 to 40 hr. In this pattern, which is probably typical for plant tissues. the latter maximum repre- sents the familiar "induced respiration,' while the early peak is the true "wound respiration," also observed in leaf discs (7). Pratt and Matthews (18) found that a radial gradient in ability to accumulate phosphate and uracil from solution is set up in leaf discs within minutes of excision and increases for at least 2 hr. The most rapid changes thus far measured are the rise in temperature (6) and the action potentials (17) exhibited by many plant tissues within minutes or seconds, respectively, of cutting or other injury.
The consistent pattern of respiratory increase elicited by cutting plant tissue implies changes in metabolic control. Only during the phase of induced respiration of storage tissue slices has this aspect been investigated. Evidence was obtained both for activation of glycolytic enzymes (1) and for marked changes in enzyme levels (10) . In the former study, and in a recent paper from this laboratory on the metabolism of yellowing detached leaves (13) the approach adopted was metabolite analysis coupled with crossover theory (5) . Since nothing appears to be known about metabolic changes in leaf or storage tissue discs during the wound respiration phase, and because crossover theory is an even stronger tool when applied to short time periods in which changes in enzyme levels are unlikely to occur, it was of great interest to apply this approach to the early metabolic changes in leaf discs.
MATERIALS AND METHODS
Tobacco Leaves. The plants (Nicotiana tabacum L.. cv. Virginia Gold) were grown in the glasshouse as previously described (13) . Fully expanded basal leaves (positions [8] [9] [10] ; area 1000-1400 cm2) were picked at 10 AM, stood in distilled H20, and allowed to equilibrate in a 25 C darkroom for 4 fitting spring-loaded plungers so that the discs could be ejected gently without bending disturbance. In the experiments on metabolite levels, the discs were I cm2 in area (diameter 11.3 mm). In the respiration experiments, where disc size was varied, 15 sampling sites were selected on each leaf. From each was taken a single 13-mm disc, a single 10.7-mm disc, two 8.1-mm discs, four 5.6-mm discs and fourteen 3-mm discs, thus giving roughly equal amounts of tissue. To avoid size discrimination, all of the discs were taken from a given site before proceeding to the next. Following manometry the discs in each flask were counted and the respiration rates corrected for area.
Measurement of Respiration Rate. Oxygen uptake was measured by the conventional Warburg technique at 30 C in flasks of about 16 cm3 capacity, without shaking. The discs were supported on a layer of polythene gauze, beneath which was placed 0.1 ml of H20 for humidification. Following a 10-min equilibration period, readings were taken every 5 min for I hr.
Incubation of Leaf Discs. Each set of fifteen 1-cm2 discs was ejected (each disc singly) from the punch directly onto moist filter paper in a Petri dish and left for the required time in darkness at 25 C before being inactivated by being dropped into liquid N2. Punching out a set of discs took about 3 min. In the experiments involving 1-or 10-min incubation, exact timing was ensured by removing discs at 15-sec intervals and placing them in a spiral pattern in the dishes so that a second operator could readily identify the appropriate disc for inactivation. Where subdivision of the discs was required, double sets totalling 30 discs were used (so as to have sufficient material for analysis), and immediately prior to inactivation each disc was quickly separated into an outer ring and inner disc, each of 0.5-cm2 area, with the aid of an 8-mm punch. Metabolite Analysis. Extraction of the discs, pretreatment of the extracts to remove interfering phenolic and other material, and enzymic fluorimetry were carried out as described in previous papers (12, 13) . RESULTS Respiration Rate. Within experimental error, the manometrically measured 02 uptake of leaf discs was always linear with time for the first 60 to 90 min, irrespective of their diameter or the state of senescence of the leaf. Thereafter it declined very slowly, reaching a second plateau after 5 to 6 hr. at which time the rate was about 85% of that during the 1st hour. The subsequent behavior of respiration rate was not investigated. During the first 15 min following excision the trend of respiration rate could not be determined because this period was the minimum necessary for punching out the discs and manometric equilibration. Figure 2 shows that this respiration rate per unit area over the 1st hour was inversely proportional to disc diameter for leaves of three widely differing age classes. Each set of points represents the mean of six experiments on separate leaves on different days. In these experiments sampling lasted 30 min, so that the first manometric reading was taken 40 min after excision of the first disc; it was therefore still possible to measure a constant respiration rate. The fit of each of the lines to the points is highly significant (P < 0.1%). The apparent flattening of slope with increasing leaf age is confirmed statistically: the slope of line A differs from that of B at the 5% level and from that of C at the 1% level; those of B and C do no differ significantly. The relative increase in respiration rate with decreasing disc size is nearly the same for all three age classes.
Metabolite Levels and Crossover Analysis. In these experiments sets of fifteen 1-cm2 discs were removed from a leaf according to the sampling scheme of Figure 1 , and incubated for varying periods of time in the dark before inactivation in liquid N2 and fluorimetric metabolite analysis. The coefficient of variation between these sets when removed simultaneously was 2 to 3% for Chl content and 3 to 4% for respiration rate.
The data in Figure 3 gives results for the period 0 to 10 min from excision of discs from a leaf having about 50% of its maximum Chi content. The outer rings show a strong forward PEP/PYR crossover and a 4 reverse TP/3PGA crossover, but the inner discs show no crossovers. This rise in hexose monophosphates is at least as great, 3 and that in ATP/ADP ratio much greater, in the inner discs than < the outer rings.
XL Despite the relative smallness of the changes in the period 0 < to I min it was found (Fig. 6 ) that the same crossover pattern a.
described above has already become established in the outer rings, whereas the plot for the inner discs is featureless. The Chl content of this leaf had declined to about 35% of its maximum.
It is striking that the rise in hexose monophosphates is slightly 0 greater, and that in ATP/ADP ratio much greater, in the inner discs than the outer rings.
DISCUSSION
The aim of this investigation was to delineate the early effects of excision on glycolytic metabolite and adenine nucleotide levels in leaf discs, in order to examine the question of metabolic control during the wound respiration phase of their injury response. As indicated in the "Introduction,'" this phase lasts for 3 hr at most in discs of leaf, storage root, and fruit tissue, in the ensuing time these levels are in most cases not restored. Over the whole period, ATP level and ATP/ADP ratio rise steadily, the latter more than doubling. After 40 min (20 min in some experiments) the sum (ATP + ADP + AMP) begins to increase, i.e., there is net synthesis of phosphorylated adenosine.
By inspection of Figure 3 it can be seen that during the first 20 min following excision there is a forward PEP/PYR2 crossover and a reverse TP (DHAP + GAP)/3PGA crossover. During this period the ATP/ADP ratio rises by 27%.
Another experiment, in which the incubation time was shortened to 10 min and I min, is presented in Figure 4 . In this case the leaf was younger, still having about 85% of its maximum Chl content. Whereas the 0-to 10-min plot shows the same clear crossovers as the data of Figure 3 , with little change in ATP/ADP ratio, the 0-to 1-min plot does not show significant crossovers, but there is a marked drop in ATP/ADP ratio.
The analysis of early wounding changes was taken further by determining separately the metabolite levels in the inner and outer regions of the incubated 1-cm2 discs. This was done by separating each into an inner disc and an outer ring of equal area, immediately prior to inactivation in liquid N2. Figure 5 2 Abbreviations: GIP Atg/cm2. Area of both outer ring and inner disc = 0.5 cm2. and is succeeded after a decline by a further prolonged rise, the induced respiration, lasting several days.
Particular attention has been paid to the randomization of sampling over the leaf lamina because it is critical for reliable measurement of differentials in metabolite levels occurring over short time intervals between replicate samples of discs. Bending and handling disturbances, which strongly stimulate the respiration rate of leaf tissue (4), were minimized.
Clear confirmation that wound respiration also occurred in the tobacco leaf discs used in the present study was found in the inverse relationship between respiration rate per unit area and disc diameter. Expressed otherwise, the greater the length of wounded periphery, the greater is the respiration rate. The magnitude of the control or unstimulated respiration rate cannot be estimated from the data, because with the disc sizes used the rates do not extrapolate asymptotically to constant values. It can be seen that 3-mm discs respire about 40% faster than 13-mm discs, per unit area. A similar finding was made by Eberhardt (7) . The surprising result is that this effect is essentially independent of leaf age. Since the measured respiration rates were linear from 15 min after excision (the earliest time at which a meaningful reading could be taken; see under "Results"), this represents the upper limit for the rise time of the wound respiration.
When I-cm2 discs from leaves of widely varying stages of senescence were incubated at 25 C in the dark, a uniform pattern of metabolite changes emerged. Before considering these results, it is appropriate to provide a background against which they should be evaluated. Firstly, the assumption is made that the endogenous metabolite changes in the leaf are negligible in comparison with those elicited in the discs by wounding. This was confirmed in control experiments: the rate of change of metabolite levels in leaves equilibrated for 4 hr in the dark was found to be less than 5%/hr. Secondly, superimposed on the sampling error of about 3% is an analytical error that is roughly inversely proportional to metabolite level and ranges from around 2% for ATP and G6P to 10 to 20% for (DHAP+ GAP) and FDP. In order to be involved in significant crossovers, therefore, the latter three metabolites have to show changes greater than 20 to 40%. A marked rise in ATP level and ATP/ADP ratio was observed over time periods longer than 10 min in discs of all ages; after 20 to 40 min, net synthesis of phosphorylated adenosine, as ATP, set in. Similar changes, but over a time period of 6 hr, have been shown in slices of sweet potato root (23) . During shorter times leaf age was a critical factor. In discs from younger leaves which had just reached full expansion, this rise in ATP level and ATP/ADP ratio was preceded by a significant drop during the first 5 to 10 min, but when the leaves had lost half or more of their Chl the rise was seen in the first minute. When the incubated discs were subdivided by punching out an 0.5-cm2 inner disc (18) (1) .
A feature of the data was that F6P and FDP were always in phase with each other, hence there was no activation of phosphofructokinase, an important control point in other glycolytic systems. This is consonant with evidence that phosphofructokinase does not become a control point in storage tissue slices until they have been "aged" (1, 8 ).
An interesting aspect of the metabolite changes is that in the inner disc, even though the PEP/PYR and TP/3PGA crossovers were not observed, the rise in levels of the hexose monophosphates GI P, G6P, and F6P was just as great as in the outer ring over times as short as I min. This has two implications. First, it suggests that the hexose monophosphate rise is caused independently of the crossovers, perhaps through activation of starch breakdown. The mechanism of such an activation is, however, not clear. Second, it implies that a wounding stimulus is transmitted away from the cut edge at a minimum speed of about 6 mm (= disc radius)/min. The speed of transmission of the mechanical wounding stimulus studied by Green and Ryan (9) in tomato leaves was not given, but their data suggest it was roughly 3 mm/min. Many authors (17) have described action potentials with transmission rates of the order of 10 mm/sec caused by mechanical injury to plant tissues including leaves.
The early metabolic responses to wounding in leaf discs, occurring over a period of minutes, bear striking similarities to those taking place over a period of days in yellowing excised leaves (13) . They include a rise in respiration rate and ATP/ADP ratio, activation of PK, and development of a rate limitation at GAP dehydrogenase or phosphoglycerate kinase. The hypothesis that PK in leaf discs is activated by a change in ionic environment is equally applicable to the yellowing excised leaf in view of the ultrastructural evidence for tonoplast breakdown (19) . In underlining the similarities in response to excision of discs and leaves the present paper complements that of Pratt and Matthews (18) on uptake of labeled nucleic acid precursors. What can be concluded about the validity of results obtained using leaf discs? It is clear that excision elicits a complex sequence of irreversible metabolic changes, beginning within I minute and unfolding over many hours. The fact that the photosynthetic metabolism of discs appears to conform with that of attached leaves (3) may only reflect the relative autonomy of the photosynthetic apparatus. The results of the present study demonstrate that in the areas of respiration and intermediary metabolism, extrapolation from discs to attached leaves is hazardous.
